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The electrical-impedance method has been widely used for void-fraction measurement in
two-phase flow due to its many favorable features. In the impedance method, the response
characteristics of the electrical signal heavily depend upon flow pattern, as well as phasic
volume. Thus, information on the flow pattern should be given for reliable void-fraction
measurement. This study proposes an improved electrical-conductance sensor
composed of a three-electrode set of adjacent and opposite electrodes. In the proposed
sensor, conductance readings are directly converted into the flow pattern through a
specified criterion and are consecutively used to estimate the corresponding void fraction.
Since the flow pattern and the void fraction are evaluated by reading conductance mea-
surements, complexity of data processing can be significantly reduced and real-time in-
formation provided. Before actual applications, several numerical calculations are
performed to optimize electrode and insulator sizes, and optimal design is verified by static
experiments. Finally, the proposed sensor is applied for air-water two-phase flow in a
horizontal loop with a 40-mm inner diameter and a 5-m length, and its measurement
results are compared with those of a wire-mesh sensor.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Gas-liquid two-phase flows are frequently encountered phe-
nomena in various engineering fields, such as chemical, oil,
and nuclear industries. Specifically, the void fraction in two-
phase flows is one of the key parameters associated with).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behasystem analyses and designs. For this reason, many tech-
niques, including nuclear sources [1,2], optical [3], electrical
impedance [4,5], and wire-mesh tomography, have been pro-
posed [6,7]. Among these instruments, the electrical-
impedance technique has a variety of advantages, such as
easy implementation, no intrusiveness of flow field, noCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3 805radiation, and convenientmobility. Owing to thesemerits, the
electrical-impedance technique has received much attention
and various designs of electrical-impedance sensors have
been proposed.
One of the most common shapes is the plate-type sensor.
In this sensor, pairs of concave electrodes are arranged on the
inner or outer walls of the pipe and measure the electrical
impedance between them [8e12]. The ring-type sensor is
another common type. For this sensor, two or more ring
electrodes covering the whole pipe circumference are ar-
ranged along the pipe and measure the electrical impedance
[13e16]. Other types include helical [17,18], internal [19], and
wire electrodes [20].
In the electrical-impedance sensor, the electrical signal
depends on the flow structure, as well as the void fraction. For
this reason, the electrical responses to a given void fraction
differ according to the flow pattern. Thus, information on the
flow pattern should be given in order to achieve reliable void-
fraction measurement.
The present study proposes an improved electrical-
conductance sensor for void-fraction measurement, which
is applicable for practical two-phase flows in horizontal
pipes. The proposed sensor is composed of a three-
electrode set of adjacent and opposite electrodes. In the
sensor, the conductance readings in the electrode pairs are
directly converted into the flow pattern through a specified
criterion for flow-pattern classification, and the void frac-
tions are successively evaluated from a relevant calibration
curve.
The idea of the proposed method is similar to the work
done by De Kerpel et al. [12]. Since the flow pattern is classified
by the measured-conductance signal, unlike the study of De
Kerpel et al. [12], which used several statistical parameters,
the burden of data processing can be reduced and both the
real-time information on the flow pattern and the void frac-
tion can be provided.
Prior to the real applications of the proposed approach,
several numerical calculations based on the finite-element
method (FEM) are performed in order to optimize the elec-
trode and insulator sizes in terms of the sensor linearity and
these are verified in comparison with static experiments.
Finally, the sensor system is applied for a horizontal flow loop
with a 40-mm inner diameter and a 5-m length, and its
measured performance for the void fraction is compared with
that of a wire-mesh sensor system.θ1
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Fig. 1 e Stratified and annular flow through the
conductance sensor.2. Numerical analysis for sensor
optimization
Let us consider stratified flow and annular flow through the
conductance sensor, as shown in Fig. 1. In both cases, the
electrical conductivities of the gas and liquid phases are
denoted by sg and s[, respectively. Two electrodes with an
identical size (electrode A and B) are separated from an insu-
lator by the angle q1 in the bottom and from the electrode C
and two insulator gaps by the angles q2 and q3 in the top of the
sensor.
In each phase, the potential distribution can be described
by the following Laplace equations:V,sgVug ¼ 0 for the gas phase (1A)
V,s[Vu[ ¼ 0 for the liquid phase (1B)
where ug and u[ represent the potential distribution to be
determined for each phase.
If the electrical current is I, the electrical conductance can
be written as G ¼ I=DV. Here, DV is the voltage difference
applied to a pair of opposite electrodes (electrode A and B in
Fig. 1). For convenience, let us now define the dimensionless
conductance as:
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3806G*opp ¼
G
G[
: (2)
Here, G[ is the conductance value in the opposite elec-
trodes for the sensormeasured when the flow channel is filled
only with liquid ða ¼ 0Þ and G for a certain two-phase flow. Eq.
(2) indicates that G*opp is minimum G
*
opp ¼ 0 at a ¼ 1, and
maximum G*opp ¼ 1 at a ¼ 0.
To solve the governing equations in a three dimensional
computational domain, COMSOL Multiphysics (ALTSOFT,
Seoul, Korea) based on the FEMwas employed. Considering air-
water two-phase flow applications, the conductivity values of
the gas and liquid phases have been set to sg ¼ 0m1U1 and
s[ ¼ 0:005m1U1, respectively. The electrical conductivity for
each electrode volume was se ¼ 106 m1U1 and for the in-
sulators was si ¼ 0m1U1. The magnitude of the voltage dif-
ference applied to the opposite electrodes was set to 1V. The
insulation conditions were applied for all boundaries, except
activated electrodes. Each electrode and insulator angle0.1 0.2 0.3 0.4 0.5
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Fig. 2 e The nonlinearity errors for various q1 values.ranging from 0.1 rad to 0.5 rad by 0.1 rad was considered. The
full range of the void fractions ða ¼ 0  1:0Þ for stratified flow
were taken into account, while for annular flow, the void
fractions ranging from 0.5 to 1.0 ða ¼ 0:5  1:0Þwere tested [21].
To find the optimal electrode and insulator sizes, the
following nonlinearity error was introduced:
Nonlinearity error ¼
G*linear  G*opp
max
 100 ð%Þ; (3)
where G*linear is the linear-conductance response ðG*linear ¼ aÞ
and G*opp is the calculated dimensionless conductance given in
Eq. (2).
Figs. 2e4 show the numerical trends of the nonlinearity
errors for q1, q2, and q3, respectively. When q1 and q3 are
small for a given q2 in annular flow, the electric-field dis-
tribution is essentially distorted near the insulator gaps.
This causes particular increase in the nonlinearity error for
the cases where the void fraction is < 0.8 [22]. As q1 and q3
increase, the electric-field distribution becomes more uni-
form across the sensor and the sensor linearity is enhanced0.1 0.2 0.3 0.4 0.5
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Fig. 3 e The nonlinearity errors for various q2 values
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3 807(Figs. 2A and 4A). In annular flow, the effects of q2 on G and
G[ are comparable, hence, its effects on sensor linearity are
negligibly small (Fig 3A).
The overall trends of the nonlinearity errors for stratified
flow, however, are somewhat different, in particular for q2
and q3. These are mainly due to differences in interfacial
structures of annular and stratified flow. In other words,
unlike the annular flow cases where the whole circumfer-
ence of the sensor is in contact with the conductive liquid
film, only oppositely installed electrodes A and B have
partial contact with conductive liquid in stratified flow. For
this reason, the dependence of G on q2 is significantly
reduced, while G[ still depends upon it. In this flow pattern,
therefore, the effects of q2 on the conductance responses, G
and G[, are no longer comparable and q2 affects the sensor
linearity (Fig. 3B). It is also interesting to note that due to the
effects of q2, the nonlinearity errors show some minimum
points, unlike annular flow (Figs. 2B and 4B). Similarly,
when the upper insulator size, q3, increases for a given q1
and q2, the conductance response for the reference G[0.1 0.2 0.3 0.4 0.5
0
5
10
15
20
25
30
θ3,  (rad)
N
on
lin
ea
rit
y 
er
ro
r (
%
)
θ1 θ2 = 0.1 rad
θ1 θ2 = 0.2 rad
θ1 θ2 = 0.3 rad
θ1 θ2 = 0.4 rad
θ1 θ2 = 0.5 rad
0.1 0.2 0.3 0.4 0.5
0
5
10
15
20
25
30
θ3,  (rad)
N
on
lin
ea
rit
y 
er
ro
r (
%
)
θ1 & θ2 = 0.1 rad
θ1 & θ2 = 0.2 rad
θ1 & θ2 = 0.3 rad
θ1 & θ2 = 0.4 rad
θ1 & θ2 = 0.5 rad
 & 
 & 
 & 
 & 
 & 
Annular flow  
Stratified flow 
(A)
(B)
Fig. 4 e The nonlinearity errors for various q3 values.decreases, while G is almost constant because G does not
depend upon q3, as previously mentioned. This leads to in-
creases in G*opp and eventually to deterioration in the sensor
linearity (Fig. 4B).
To summarize the numerical results, it is shown that
sensor linearity is optimized when q1, q2, and q3 are 0.5 rad,
0.2 rad, and 0.3 rad, respectively. In this geometric arrange-
ment, the nonlinearity errors for annular flow and stratified
flow are 5.7% and 12.7%, respectively. Also, it should be noted
that due to the gap on the bottom, there is a small dead zone
that is not detecting the small liquid fraction. However, the
gap size is q1 ¼ 0:5 rad, which corresponds to a 0.3% liquid
fraction.3. Sensor system setup and verification of
numerical results
Several static experiments were performed to verify the nu-
merical results for the sensor nonlinearity discussed in the
preceding section. A conductance sensor was fabricated
following the dimensions determined in the numerical cal-
culations. That is, the inner diameter of the sensorwas 40mm
and three electrodes with 2-mm thickness were flush moun-
ted on the inner wall of the pipe. The insulator angle on the
bottom was q1 ¼ 0:5 rad and those for the insulator on the top
and the electrode, C, were q2 ¼ 0:2 rad and q3 ¼ 0:3 rad,
respectively.
For measurement, an Agilent 4284A LCR meter (Agilent,
Santa Clara, CA, USA) was used to provide voltages to the
electrodes and a NI PXI-2536 (National Instruments,
Seoul, Korea) was employed to shift the voltage sources
from the adjacent electrodes (electrodes A and C) to the
opposite pair of electrodes (electrode A and B) and vice
versa. Also, a NI PXIe-6368 (National Instruments) was
used for data sampling. These instruments were con-
nected with the conductance sensor through the cables via
NI PXIe-1062Q (National Instruments). Fig. 5 and Table 1
provide the connections and the specifications of the
measurement instruments involved in the experiments,
respectively.Shunt resistor
Switch (NI PXI-2536)
Voltage (LCR meter)
Sensor
Data sampling
(NI PXIe-6368)
Fig. 5 e Schematic diagram of sensor system.
Table 1 e Specifications of measurement instruments used for experiments.
Instruments Accuracy Signal range Time definition
Agilent 4284A LCR meter 0.05~0.5% Up to 20 V with 1 MHz N/A
NI PXI-2536 N/A Up to ±12 V and 100 mA 50,000 cross-points/sec
NI PXIe-6368 1.5 mV for ±10 V range Up to ±10 V 2,000,000 samples/channel
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Fig. 6 e Comparison between numerical solutions and
experimental results for stratified flow.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3808In the experiments, the applied voltage was set to 5 V with
10 kHz signal frequency to ensure that the impedance
response became conductive [13e15] and the sampling fre-
quency of 10,000/sec was used. The uncertainty of conduc-
tance measurement was evaluated by the error propagation
as follows:
UG ¼ ±
"
vG
vV
UV
2
þ

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vI
UI
2#1=2
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Fig. 7 e Comparison between numerical solutions and
experimental results for annular flow.where the first and second partial derivatives of the right hand
side are given by:
vG
vV
¼ I
V2
and
vG
vI
¼ 1
V
(5)
The accuracy of the LCR meter was 0.1% (Table 1) and the
applied voltage was 5 V, thus the first term of the right hand
side in Eq. (4) can be neglected and the expression (4) is
reduced to:
UG ¼ ±UIV : (6)
Since the data sampling instrument has the absolute ac-
curacy of 1.5 mV (NI-PXIe 6368 in Table 1), the measurement
uncertainty for electrical current can be estimated as
UIz15 mA for a 100 U shunt resistor with 0.1% accuracy, and
this consequently leads to UGz±15 mA=5V ¼ ±3 mU1.
The static experiments were performed with a
horizontally-laying conductance sensor, which contained
the specified volume of water for stratified flow and by
inserting acryl rods into the sensor for annular flow. Here,
the diameters of the acryl rods used for experiments were
30 mm, 33 mm, 35 mm, 37 mm, and 38 mm, corresponding
to the void fractions 0.56, 0.68, 0.76, 0.86, and 0.9,
respectively.
Figs. 6 and 7 show the comparison results between the
numerical solutions and experimental data with un-
certainties for stratified flow and annular flow, respectively.
For both cases, the experimental results showed good
agreement with numerical predictions. The nonlinearity er-
rors for stratified flow and annular flow were ~12.0% and
~7.0%, respectively, which were comparable to those of the
numerical calculations (12.7% for annular flow and 5.7% for
stratified flow).4. Proposed method for void-fraction
measurement
The proposed method to measure the void fraction is mainly
composedof twosteps, asbrieflymentioned in the Introduction
section. In the first step, the flow pattern is identified using the
conductance signalmeasured inall electrodepairs. Then, in the
second step, the void fraction is estimated through the cali-
bration curve for the flow pattern predetermined in the first
step. Details are discussed in this section.
4.1. Criteria for flow-pattern classification
In this work, three flow patterns of horizontal pipes were
considered: stratified, annular, and intermittent flow. In
stratified flow, smooth or wavy interfaces were formed be-
tween the gas and liquid phases, and thesewere not in contact
with the top of the pipe. For this flow pattern, hence, the
Fig. 8 e Schematic diagram of horizontal loop.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3 809conductance signal in the adjacent electrodes A and C, G*adj,
should be negligibly small. The static experiments indicated
that G*adj was < 0.005 (0.5%) for this case ðG*adj <0:005Þ. This
value actually corresponds to the standard deviation of mea-
surement data.
When the flow pattern changes from stratified to non-
stratified flow, conductive liquid film, or liquid slug touches
the top of the pipe. This obviously causes G*adj to become at
least equal to or greater than the stratified-flow cases
ðG*adj  0:005Þ.Fig. 9 e Photo of sensor installations: (A) Test section, (B)
Conductance sensor, (C) Wire-mesh sensor.Meanwhile, it was reported that the transition from strat-
ified to intermittent flow occurred when the liquid level was >
0.5 for the pipe diameter [23]. This hydraulic criterion corre-
sponds to  G*opp >0:51, as indicated in Fig. 6. Similarly, Barnea
[21] proposed that the minimum void fraction of annular flow
in horizontal pipes was 0.76. This roughly gives rise to
G*opp <0:3, as shown in Fig. 7 (The actual criterion is
G*opp  0:295). Combining these two criteria, G*opp should be at
least  0.3 for intermittent flow to occur ðG*opp  0:3Þ.
The criteria for flow-pattern classification in this study are
summarized as follows:
G*adj <0:005 for stratified flow; (7A)
G*adj  0:005 and G*opp < 0:3 for annular flow; (7B)
G*adj  0:005 and G*opp  0:3 for intermittent flow: (7C)Table 2 e Test matrix for some selected flow conditions.
Case jl (m/s) jg (m/s) Flow pattern
01 0.05 7.9 Stratified flow
02 0.1 7.7 Stratified flow
03 0.4 7.1 Intermittent flow
04 0.56 6.6 Intermittent flow
05 0.76 6.5 Intermittent flow
06 0.9 6.8 Intermittent flow
07 4.2 Intermittent flow
08 6.3 Intermittent flow
09 0.2 8.5 Intermittent flow
10 10.8 Intermittent flow
11 12.7 Intermittent flow
12 14.2 Intermittent flow
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3810The above equations were driven for the sensor configura-
tion providing better sensor linearity. However, these criteria
can differ if the electrode and insulator gap angles change.4.2. Measurement of void fraction
In the first measurement stage, the conductance signals, G*,
are measured in each electrode pair and the flow pattern is
classified based on the criteria given in Eq. (7). Once the flow
pattern is identified, in the next measurement stage, the void
fraction is evaluated by interpolating the conductance mea-
surement in the opposite electrode pair, G*opp, into a
conductance-void fraction lookup table, which corresponds to
Figs. 6 or 7. For intermittent flow, both numerical and exper-
imental simulations are not straightforward due to the
complexity of the interface. This work assumed that the
intermittent flows belong to the stratified flows rather than
the annular flows.5. Experimental apparatus
5.1. Horizontal loop
Theexperimentswereconductedusingahorizontalflow loopat
Jeju National University, Jeju. Korea. This loop was mainly
composed of a main tank, main pump, preheater, air
compressor, test section, separator, auxiliary tank, and pump.
The acrylic test section had a 40-mm diameter and a ~5-m
length. The proposed conductance sensor (CS) was placed at a
distanceofapproximately3mawayfromtheentrance (L/D¼75)
and awire-mesh sensor (WMS,WMS200)was installed near the
sensor (L/D ¼ 80). A schematic of the loop and a photograph of
sensor installations are given in Figs. 8 and 9, respectively.5.2. Wire-mesh sensor
A conductivity wire-mesh sensor was used to evaluate the
performance of the proposed sensor. The wire-mesh sensor10
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map of Mandhane et al. (1974).and electronic devices were designed by HZDR (Helmholtz-
Zentrum Dresden-Rossendorf, Dresden, Germany). The wire-
mesh sensor adopted in this study consisted of 16 trans-
mitter and receiver wires that were perpendicularly arranged,
giving a total of 256 crossing points. The thickness of thewires
was 0.125 mm and each wire was separated by 2.5 mm. The
separation distance between the transmitter and receiver
layer was 1.4 mm. In the experiments, the wire-mesh sensor
was installed approximately 20 cm away from the conduc-
tance sensor. For this separation distance, no electrical
interference between the two sensor systemswas observed in
the static experiments.
In the wire-mesh sensor, the void fraction was evaluated
assuming the linear relation between the measured voltage
ratio and the void fraction [24]. This indicated that the output
voltages for the test section filled with water and air were first
measured. Then, those for arbitrary airewater two-phase
flows were recorded. The ratios of these measured voltages
were linearly converted into the local instantaneous void
fraction.6. Experimental results and discussion
For the loop experiments, various superficial velocities
ranging from 0.05m/s to 1.2 m/s for water ðj[ ¼ 0:05  1:2 m=sÞ
and from 0.8 m/s to 14.7 m/s for air ðjg ¼ 0:8  14:7 m=sÞ were
considered. Some selected flow conditions to be discussed
here are given in Table 2, and these are illustrated on the
experimental-flow pattern map of Mandhane et al. [25], as
shown in Fig. 10.
In the experiments, the switch and sampling rates of the
conductance sensor were set to 1,000/sec and 10,000/sec and
the measurement frame of the wire-mesh sensor was set to
10,000/sec. These two sensor systems were synchronized by a
customized clock box.
Fig. 11 and 12 show the comparison results between the
conductance sensor (CS) and the wire-mesh sensor (WMS) for
given experimental conditions.
When the superficial liquid velocity was low (Case 1), the
void fraction signal was overall high and the conductance
signals which meet the criterion (7B) or (7C) were not
observed. As the superficial liquid velocity increased (Case 2),
the void fraction decreased, but its fluctuation increased. For
further increase of the superficial liquid velocity (Case 3), the
conductance signals satisfying the criteria (7B) and (7C) finally
appeared and the void fraction signal fluctuated more
severely. As the superficial liquid velocity further increased
(Cases 4e6), the frequency of the liquid slug occurrence
significantly increased. Contrary to these trends, for increases
in the superficial gas velocities (Cases 7e12), the interfacial
waves were swept away by the gas phase and the liquid film
formed around the wall of the sensor. As a result, the fre-
quency of the liquid film formation considerably increased
while the slugging frequency decreased.
The measurement results of the proposed sensor were
generally in good agreement with the wire-mesh. Also, even
though the approach for void-fraction measurement in
intermittent flow in this study was simple (see Measurement
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Fig. 11 e Comparison in instantaneous void fraction between CS andWMS for superficial liquid velocities. The numbers ‘1’,
‘2’, and ‘3’ on the y axis of the bottom figures represent the flow pattern criteria (7A), (7B), and (7C), respectively.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3 811of void fraction section), the comparison results showed its
usefulness, as indicated in Cases 4e6 of Fig. 11. Fig. 13
shows the comparison results for the time-averaged void
fraction. Very good agreements between the proposed
sensor and the WMS were confirmed. For all flow-rate
conditions, the maximum deviation between two in-
struments was 6.3%. However, it was observed that the void
fractions in the proposed sensor were generally under
compared to the WMS.
In the practical two-phase flows, the bubbles might be
contained in the liquid phase or the liquid droplets might be
suspended in the gas phase. In the WMS, these local phe-
nomena could be measured to some extent, while the CS
essentially has difficulties in detecting them due to its own
mechanical structure and measurement modality. These
different features between the WMS and the CS may possibly
cause some deviations. Also, in the present work, the
concentric annular flow was considered. This may be a goodapproximation for stable annular flows. However, it could give
rise to some errors, specifically when the liquid-film distri-
bution is significantly asymmetric and the unstable film is
formed on the electrode walls. Although the measurement
performance of the proposed sensor was fine overall
compared to the WMS, its limitations observed in the exper-
iments need to be further improved in future work.
In this study, an improved electrical-conductance sensor,
which provided real-time information on the flow pattern and
the void fraction, were applied to a horizontal pipe with a 40-
mm inner diameter and a 5-m length. For several flow rate
conditions covering stratified- and intermittent-flow regimes,
the void fractions measured by the proposed sensor were
compared with those of a WMS. The comparison results were
overall in good agreement, however, due to difficulties in
detecting the local phenomena in the proposed sensor, it
generally showed underestimated values as compared to the
WMS. Additionally, the concentric annular-flow assumption
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Fig. 12 e Comparison in instantaneous void fraction between CS andWMS for superficial gas velocities. The numbers ‘1’, ‘2’,
and ‘3’ on the y axis of the bottom figures represent the flow pattern criteria (7A), (7B), and (7C), respectively.
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Fig. 13 e Comparison in time-averaged void fraction
between CS and WMS.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 0 4e8 1 3812used in the present work caused some deviations. This needs
further improvement in future work. Nevertheless, the
maximum deviation within 6.5% showed the feasibility of the
proposed conductance sensor.Conflicts of interest
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